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of cellular memory traces, the mechanisms by which
they form, their duration, the neurons in which they de-
velop, and how the complete set of cellular memory
traces within different areas of the nervous system un-
derlies the memory engram.
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Houston, Texas 77030 Drosophila can develop a robust association between
an odor, the conditioned stimulus (CS), and electric
shock, the unconditioned stimulus (US), if the CS and
the US are paired. Flies display their memory of thisSummary
association by avoiding the odor CS during a test, after
previously experiencing the pairing of the CS and theIn the olfactory bulb of vertebrates or the homologous
antennal lobe of insects, odor quality is represented US. The number, nature, and the locations of the cellular
memory traces that guide this acquired avoidance be-by stereotyped patterns of neuronal activity that are
reproducible within and between individuals. Using havior are unknown, but significant evidence suggests
that some cellular memory traces are formed in mush-optical imaging to monitor synaptic activity in the Dro-
sophila antennal lobe, we show here that classical room body neurons, higher-order neurons that form part
of the olfactory nervous system (Davis, 1993; Dubnauconditioning rapidly alters the neural code represent-
ing the learned odor by recruiting new synapses into et al., 2001; McGuire et al., 2001; Zars et al., 2000).
Furthermore, the evidence indicates that the memorythat code. Pairing of an odor-conditioned stimulus
with an electric shock-unconditioned stimulus causes traces are formed in part by the activation of the cyclic
AMP signaling system (Davis, 1993; Roman et al., 2001).new projection neuron synapses to respond to the odor
along with those normally activated prior to condition- However, the memory traces that underlie insect odor
memory are probably formed in many different areas ofing. Different odors recruit different groups of projec-
tion neurons into the spatial code. The change in odor the olfactory nervous system and in other areas of the
brain as well.representation after conditioning appears to be intrin-
sic to projection neurons. The rapid recruitment by We have used optical imaging of synaptic activity in
Drosophila brains (Ng et al., 2002) coupled with behav-conditioning of new synapses into the representation
of sensory information may be a general mechanism ioral conditioning to visualize and study a cellular mem-
ory trace. This trace is established as new synaptic activ-underlying many forms of short-term memory.
ity after conditioning in the antennal lobe projection
neurons of the olfactory system. A concept establishedIntroduction
from our results that may generalize to other forms of
memory is that memories form by the rapid recruitmentMemories are formed, stored, retrieved, and lost by a
mysterious interplay between sensory cues and the of relatively inactive synapses into the representation
of the sensory information that is learned. In other words,functioning nervous system. The formation of memories
occurs through a set of changes within neurons that the synaptic representation of the odor CS is changed
by learning, with new synaptic activity added to theencode the relevant sensory information. These changes,
or cellular memory traces, can in principle be any molecu- representation after learning.
lar, biophysical, or cellular change induced by learning,
which subsequently alters the processing and response Results
of the nervous system to the sensory information. For
instance, changes can occur in the expression or func- The anatomical organization of the Drosophila olfactory
tion of ion channels that cause neurons to be more or nervous system shares many fundamental similarities
less excitable and therefore more or less capable of to that of vertebrates (Hildebrand and Shepherd, 1997;
conducting action potentials or other electrical signals. Laissue et al., 1999; Laurent et al., 2001; Lessing and
Learning may mobilize neuronal growth processes that Carlson, 1999; Mombaerts, 2001; Roman and Davis,
establish new connections or neurite retraction to re- 2001; Vosshall, 2000), suggesting that the mechanisms
move existing connections. The changes may include for odor perception, discrimination, and learning are
cell signaling adaptations that alter the neuron’s overall shared (Figure 1). Olfactory receptor neurons (ORNs),
ability to integrate inputs from different types of cues distributed near the surface of the antenna and maxillary
and morphological or functional changes in synapses palp on each side of the head, project axons to the
that increase or decrease the neuron’s ability to stimu- antennal lobe, where they terminate in morphologically
late its synaptic partners. Together, these cellular mem- discrete and synapse-dense areas known as glomeruli
ory traces comprise the overall behavioral memory (Figures 1B–1D) (Gao and Chess, 1999; Laissue et al.,
trace, or memory engram (Dudai, 2002; Squire, 1987), 1999; Scott et al., 2001; Vosshall et al., 2000). The projec-
that guides behavior in response to sensory information. tion patterns of the ORNs are stereotyped between ani-
A major goal in neuroscience is to understand the nature mals; ORNs that express the same olfactory receptor
gene, although distributed across the surface of the
antenna and maxillary palps, project their axons to the*Correspondence: rdavis@bcm.tmc.edu
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Figure 1. Antennal Lobe
(A) Simplified circuit model of one glomerulus in the Drosophila antennal lobe. The cell bodies of olfactory receptor neurons (ORN; filled blue
circle) reside on the antennae and maxillary palps and send their axons to the antennal lobe, where they form excitatory synapses with
projection neurons (PN) and local interneurons (LN) within specific glomeruli. The cell bodies of the PNs (filled green circle) and LNs (filled
red circle) reside outside of the neuropil of the antennal lobe glomeruli. PNs direct the olfactory information to the higher-order brain centers
of the mushroom bodies and the lateral protocerebrum but are thought to also make reciprocal synapses with local interneurons. The LNs
make widespread connections in other glomeruli throughout the antennal lobe; the LN depicted is diagrammed as confined to one glomerulus
for simplicity. GAL4 drivers used to express UAS-synapto-pHluorin (UAS-spH) in the ORNs, PNs, and LNs include OR83b-GAL4, GH146-
GAL4, and GAD-GAL4, respectively.
(B) Projection image of the dorsal half of one antennal lobe stained with nc82 monoclonal antibody to visualize all glomeruli. From GH146-
GAL4/UAS-spH flies.
(C) Projection image of the dorsal half of one antennal lobe stained with anti-GFP antibody to visualize projection neuron processes within
glomeruli. From GH146-GAL4/UAS-spH flies. Eleven glomeruli situated in the dorsal portion of the antennal lobe are identified as expressing
GH146-GAL4.
(D) Projection image from the merger of panels (B) and (C).
same glomerular target in the antennal lobe (Gao et al., with both transmissive and receptive specializations in-
dicates that each glomerulus processes and makes2000; Scott et al., 2001; Vosshall et al., 2000). There they
are thought to form excitatory synapses with at least computations that may underlie odor perception, dis-
crimination, and learning, rather than being a simpletwo classes of neurons: the local interneurons (LNs), a
large fraction of which are GABAergic inhibitory neu- transit station for the throughput of olfactory informa-
tion. Individual PNs generally extend dendrites into arons, and the projection neurons (PNs) (Laissue et al.,
1999; Stocker, 1994). A unique feature of the circuitry single antennal lobe glomerulus (Jefferis et al., 2001;
Marin et al., 2002; Wong et al., 2002) and then conveywithin the insect antennal lobe is the apparent existence
of reciprocal dendrodendritic connections between the the processed olfactory information to two higher brain
centers: the mushroom bodies and the lateral protoce-PNs and the LNs (Didier et al., 2001; Sun et al., 1997;
Ng et al., 2002). The presence of these unique junctions rebrum.
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The neuroanatomy thus suggests that distinct odors tween flies (Figure 2B) indicate that the procedures and
standards that were employed were highly consistentare represented first by the stimulation of distinct sets
of ORNs; second, by spatial patterns of glomerulus acti- and accurate. The many variables that could influence
reproducibility include fly dissection, fly mounting, odorvation within the antennal lobe (Gao et al., 2000; Hilde-
brand and Shepherd, 1997; Vosshall et al., 2000); and application, confocal scanning, glomerulus identification,
and glomerulus circumscription during data analysis.third, by a distinct set of synaptic fields activated in the
mushroom bodies and the lateral protocerebrum (Marin
et al., 2002; Wong et al., 2002). Functional imaging ex- PN Responses to Electric Shock
periments have suggested the existence of a spatial A stimulus that is used frequently as the unconditioned
code for odors within the antennal lobe of insects and stimulus for olfactory classical conditioning is mild elec-
the olfactory bulb of vertebrates. Calcium dyes, voltage- tric shock. This shock is normally delivered to flies as
sensitive dyes, transgenically supplied fluorescent pro- they stand on an electrified grid while also being in the
teins, and intrinsic optical signals have been used to presence of an odor. This US is effective at conditioning
visualize odor-specific patterns of glomerulus activation flies when presented along with an odor, although the
in Drosophila, honeybee, zebrafish, salamander, and rat identity of the neurons within the olfactory pathway that
(Friedrich and Korsching, 1997; Joerges et al., 1997; are stimulated by both odor and shock is unknown.
Kauer and White, 2001; Ng et al., 2002; Rubin and Katz, Neurons that can function as cellular coincidence detec-
1999; Wang et al., 2003). tors must be activated either directly or indirectly by
both stimuli.
We therefore asked whether the PNs that respondedOdorant Responses of Antennal Lobe PNs
to the odor CS could also respond to the US of electricWe began our search for cellular memory traces by first
shock. We applied pulses of electric shock at an inten-asking whether we could detect synaptic transmission
sity and frequency used to behaviorally condition adultin antennal lobe glomeruli of intact but immobilized adult
Drosophila (Roman et al., 2001) to the abdomens of fliesflies after stimulation with pure odors that we use fre-
that were immobilized under the microscope. Synapticquently as conditioned stimuli in behavioral learning ex-
transmission was activated in all glomeruli that ex-periments. Successes in detecting olfactory responses
pressed UAS-spH, as illustrated in Figure 2C. The synap-with optical reporters in the antennal lobes using re-
tic transmission events occurred with a periodicity thatduced preparations of either isolated adult heads (Ng
matched the 5 s interstimulus interval of the electricet al., 2002) or dissected adult brains (Wang et al., 2003)
shock (Figure 2D). When these time-based signals werehave recently been reported. We used intact Drosophila
converted to the frequency domain by Fourier transfor-adults immobilized in a pipette tip (Wang et al., 2001),
mation, a major component with a frequency matchingwith their heads and antennae exposed. A small square
the frequency of shock delivery (0.2 Hz) was extractedof cuticle was removed from the dorsal head of each
(Figure 2E). These data indicate, therefore, that PNsanimal (Experimental Procedures). Flies were mounted
are activated by electric shock stimuli applied to theunder a laser-scanning confocal microscope to detect
abdomen. The neural pathways that carry the electricbasal fluorescence and the change in fluorescence in-
shock stimulus from the abdomen to the brain and theduced with the application of odor. We initially used flies
identity of the neurons immediately presynaptic to thecarrying the GH146-GAL4 transgene (Figures 1A, 1C,
PNs in this pathway have not yet been identified.and 1D) to drive expression of a reporter of synaptic
transmission, UAS-synapto-pHluorin (UAS-spH; Mie-
senboeck et al., 1998), in PN presynaptic specializations Recruitment of PN Synaptic Activity to Represent
the Odor CS after Forward Conditioningwithin antennal lobe glomeruli (Figure 1A).
A brief application of odor through a glass micropi- Since some PNs responded to both OCT and the US of
electric shock when presented separately, we wonderedpette directed at the antennae produced a rapid, quanti-
fiable, and stereotypic response in glomeruli between whether these neurons could be conditioned by simulta-
neously presenting both odor and shock (forward condi-animals. For instance, the odor 3-octanol (OCT) pro-
duced a rapid burst of fluorescence in several glomeruli tioning). To test this, individual flies were conditioned
either with OCT paired with electric shock or with onethat occurred with the presentation of odor. Responses
were quantified as the average percent change in the of a series of control protocols, including the odor only,
shock only, and odor with shock but separated by 30 sintensity of the pixels (F/F  100) that represent each
glomerulus during stimulation. Figure 2A illustrates the to 2 min (trace conditioning). The optical response of
the PNs to an odor test stimulus was then monitored 3spatial response observed to OCT as a pseudocolor
image in a representative fly over eight glomeruli that min after these treatments (Figure 3A). The delay of 3 min
was chosen since, for normal behavioral conditioningwere unambigously identified and that formed the focus
of this study. Four of the eight glomeruli were activated experiments, it takes 3 min after training flies to test
their choice behavior in a T-maze (Roman et al., 2001).reproducibly by OCT, whereas four others remained un-
changed. These responses were quantitatively similar We specifically focused on the effect of forward condi-
tioning compared to other conditioning protocols, sinceat two different odor concentrations, as shown in Figure
2B. The increased responses of the four glomeruli at the protocols of CS only, US only, and trace conditioning
failed to produce behavioral conditioning (Figure 7).the higher odor concentration indicated that responses
at lower odor concentrations fell well below the dynamic The responses of most PNs to the test odor of OCT
after the various conditioning protocols were similar orresponse ceiling for spH. The remarkably small standard
errors that were obtained for glomerular responses be- identical to the naive response (Figure 3B). For instance,
Neuron
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Figure 2. PN Responses to OCT and Electric Shock
(A) Grayscale image of basal fluorescence of GH146-GAL4/UAS-spH is shown in the left image, and the synaptic responses detected in the
glomeruli due to OCT stimulation are illustrated in the right image. The change in fluorescence within each glomerulus during odor application,
calculated as the %F/F, is illustrated on a pixel-by-pixel basis as a pseudocolor image. PN synapses in four of the eight identifiable glomeruli
exhibited synaptic responses to OCT.
(B) Summary of the average responses detected in eight identifiable glomeruli. Four glomeruli exhibited synaptic responses to OCT of similar
magnitude, and four others were silent. Responses were doubled by increasing the odorant stimulus (1.0 l, red bars), indicating that responses
with 0.1 l of OCT (blue bars) were not at a ceiling level. Statistical comparisons (Student’s t test) showed that the responses using 0.1 l
OCT were significantly different from zero (p  0.05) for glomeruli DM6, DM2, DM3, and DL3 but not for D, DL2, DA1, or VA1. Comparisons
were also performed between the two odor concentrations but within each glomerulus. The higher OCT concentration produced a significant
increase (p 0.05) in response for glomeruli DM6, DM2, DM3, and DL3 but not for D, DL2, DA1, or VA1. n 5 for all groups. For all experiments
presented in other figures, we used 0.1 l OCT.
(C) Grayscale image of basal fluorescence of GH146-GAL4/UAS-spH is shown in the left image, and the synaptic responses detected in the
glomeruli due to electric shock stimulation to the body are illustrated in the right image. Electric shock pulses activated PN synapses in all
eight identifiable glomeruli.
(D) Responses of PNs synapses (black trace) innervating glomerulus D are depicted over time, with 1.25 s electric shock pulses (red trace)
delivered once every 5 s. A quantifiable response was observed with each shock pulse.
(E) Fourier transformation of the time scan in (D) to detect frequency components. A strong component with a periodicity of 5 s was detected.
This matched the delivery schedule of electric shock pulses.
PNs innervating glomerulus DM2 responded to OCT with and the shock US rapidly awakens the PN synapses in
the D glomerulus within 3 min after conditioning. Thea 6% increase. Conditioning with the CS only, US alone,
CS and US paired, or CSUS trace did not significantly failure to observe a conditioning effect on the OCT-
responsive glomeruli—DM6, DM2, DM3, and DL3—alter this response. Similarly, most PNs that failed to
respond to the odor CS by itself failed to exhibit any cannot be due to a ceiling effect, since the odor concen-
tration used for conditioning was well below the ceilingchange in response after the conditioning protocols
(DL2, DA1, VA1). To our surprise, however, there was of spH’s dynamic range (Figure 2B). Thus, additional PN
synapses in the antennal lobe are recruited rapidly toone notable exception. PNs innervating glomerulus D
responded after forward conditioning to OCT with a represent the odor CS after forward conditioning.
We reproduced and extended these conclusions with%F/F of 7%, while the responses of these PNs after
US only, CS only, or trace conditioning protocols were a second type of experimental design. Since the re-
sponse of the D PNs during the CS test was not affectedsimilar to the naive response, which was not significantly
different from zero (see also Figure 2B). These data by prior exposure of the CS when compared between
flies (Figure 3B, compare naive and CS), we opted forindicate, therefore, that forward pairing of the odor CS
Memory Trace Formation by Synaptic Recruitment
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Figure 3. Forward Conditioning with OCT Enhanced PN Synaptic Transmission in Glomerulus D
(A) Diagram illustrating various conditioning protocols that were used on flies during imaging experiments. The comparisons made here are
between groups of individual animals conditioned and tested independently from each other. Individual GH146-GAL4/UAS-spH flies were
prepared for imaging, mounted under the confocal microscope, and then subjected to one of the various conditioning protocols. They rested
for 3 min, and then the magnitude of PN synaptic transmission in the eight glomeruli was assayed by imaging with a 3 s exposure to OCT.
The conditioning protocols included naive animals (1 min preexposure to air only), US only (1 min shock only), CS only (1 min OCT exposure),
CS  US (1 min forward conditioning with both CS and US), and trace conditioning with a 30 s (CS→30 s delay→US), 1 min (CS→1 min
delay→US), and 2 min (CS→2 min delay→US) trace period between the CS and US.
(B) Summary of PN synaptic responses to various conditioning protocols. Data represent the %F/F within each glomerulus relative to the
basal fluorescence measured prior to the test with OCT. These data confirmed the PN response properties shown in Figure 2. PNs that form
synapses in the four glomeruli that responded to OCT again responded to the odor CS, while four other glomeruli were silent to OCT. PN
synapses in the D glomerulus became responsive to OCT after forward conditioning but not after other conditioning protocols. ANOVA
comparing the CS  US conditioning protocol results with the results of each other protocol but within each glomerulus revealed several
significant differences. DM6: (CS  US) versus (CS→1 min delay→US), p  0.02. DM2: no significant differences. DM3: (CS  US) versus
(CS), p  0.03; (CS  US) versus (US), p  0.002. D: (CS  US) versus all other groups, p  0.0001. DL3: (CS  US) versus (CS), p  0.04;
(CS  US) versus (US), p  0.001. DL2: no significant differences. DA1: no significant differences. VA1: no significant differences. n  12 for
all groups.
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a “within-animal” design for the next set of experiments strength of the training, the saliency of the cues, and
undoubtedly the nature and number of the cellular mem-(Figure 4A). Each fly was presented the odor CS for 3 s,
during which PN responses were monitored. After a rest ory traces that underlie the behavioral memory trace.
of 5 min, the fly was then conditioned, and 3 min after We probed the stability of the cellular memory trace that
conditioning, the response to a 3 s odor test was again was established by forward pairing with OCT and shock
monitored. We compared the response before condi- in the D glomerulus PNs by testing at different times
tioning with the response after conditioning. As before, after conditioning (Figure 4E). This conditioned re-
the response of the D PNs to OCT alone was undetect- sponse waned rapidly. When tested at 5 min after condi-
able (Figure 4B). However, the response after forward tioning, the increased response at 3 min had decayed to
conditioning with OCT reached a %F/F of 6% when 5%, and by 7 min after conditioning the cellular memory
measured 3 min later (Figures 4B and 4C). trace was not significantly different from zero (Figure
Is the memory trace in the D PNs specific for OCT as 4E). Attempts to extend the duration of this memory
a CS, with other odors recruiting other sets of neurons trace with multiple and spaced conditioning trials have
and synapses, or is the change in D PNs a general not been successful.
property of learning something about any odor? To ad- We also included in these experiments the additional
dress this issue, we performed within-animal condition- control of conditioning animals using a backward proto-
ing experiments, as shown in Figure 4, using methylcy- col, for which the US was presented before the CS. No
clohexanol (MCH) as the CS, a second odor that is used increase in synaptic transmission was evident in the D
frequently for odor learning in Drosophila. PNs after this conditioning protocol (Figure 4E). Back-
The responses of some PNs to MCH before any condi- ward conditioning was also ineffective at evoking a
tioning were more variable between flies than for OCT, change in VA1 responsiveness after conditioning with
as shown by the larger standard errors in some PN MCH (data not shown). The order dependence of the
responses prior to conditioning (Figure 4D). However, CS and US, in which the CS usually needs to slightly
PNs innervating the three glomeruli DM6, DM2, and DM3 precede the onset of the US, is one hallmark of classi-
exhibited significant responses to MCH alone applied cal conditioning.
before conditioning (Figure 4D). Forward conditioning,
however, recruited the activity of glomerulus VA1 (both
Odor Specificity of Synaptic RecruitmentVA1l and VA1m) into the representation of MCH (Figures
The recruitment of PN synapses of the D glomerulus4B and 4D). Like the D glomerulus for OCT responses,
into the representation of OCT and those of the VA1VA1 was insensitive to MCH prior to conditioning. There-
glomerulus into the representation of MCH after condi-fore, different odors recruit normally insensitive PNs into
tioning suggests that synaptic recruitment was odoranttheir spatial representation after conditioning. For both
specific. Nevertheless, the conditioned animals wereodors, no significant changes in response were ob-
conditioned and challenged with only one of the twoserved after conditioning for the PNs that represent the
odorants. To further explore the specificity of synapticodor in the untrained animal (Figures 4C and 4D).
recruitment, we employed a discriminative, within-ani-
mal experimental design in which each animal was chal-Duration of PN Memory Traces
lenged with both odors prior to and after conditioningBehavioral memories can be very short or quite endur-
ing, depending on the nature of the task learned, the with either OCT or MCH.
Figure 4. Forward but Not Backward Conditioning with Different Odors Recruited Different PNs Synapses for a Short-Term Cellular Mem-
ory Trace
(A) Diagram illustrating two conditioning protocols that were used for these experiments. The comparisons made here were within individual
animals. Each fly received a 3 s exposure to OCT or MCH, then either forward or backward conditioning (45 s offset) with 1 min of odor CS
along with 12 electric shock pulses. After conditioning, each animal was given a single test at 3 min, 5 min, 7 min, or 10 min.
(B) Grayscale images of basal fluorescence of GH146-GAL4/UAS-spH are shown in the left column for OCT and MCH. Synaptic responses
detected in the glomeruli due to odor stimulation before conditioning are illustrated in the middle column of images. Synaptic responses detected
in the glomeruli due to odor stimulation after conditioning are illustrated in the right column of images. The change in fluorescence during
odor application for each glomerulus is illustrated on a pixel-by-pixel basis as a pseudocolor image. PN synapses in four of the eight identifiable
glomeruli exhibited synaptic responses to OCT before conditioning. After conditioning, PN synapses in glomerulus D also responded to the
odor CS. PN synapses in three of the eight identifiable glomeruli exhibited synaptic responses to MCH before conditioning. After conditioning,
PN synapses in glomerulus VA1l  VA1m also responded to the odor CS.
(C) Summary of PN synaptic responses to OCT as the CS before and after conditioning. Data represent the %F/F within each glomerulus
relative to the basal fluorescence measured prior to the test with OCT. These within-animal data confirmed the between-animal data presented
in Figure 3B. Only the PNs that innervate glomerulus D exhibited a significant difference (p  0.003, ANOVA) in their CS response after
conditioning compared to the response before conditioning. n  6 for all groups.
(D) Summary of PN synaptic responses to MCH as the CS before and after conditioning. Data represent the %F/F within each glomerulus
relative to the basal fluorescence measured prior to the test with MCH. The three glomeruli DM6, DM2, and DM3 exhibited significant responses
to MCH presented prior to conditioning (p 0.05, Student’s t test). Only the PNs that innervate glomerulus VA1l VA1m exhibited a significant
difference (p  0.0002, ANOVA) in their CS response after conditioning compared to the response before conditioning. n  10 for all groups.
(E) Summary of the time course for responses detected in glomerulus D after OCT conditioning. There was no response to OCT by projection
neurons innervating D before conditioning, nor was there any response before or after backward conditioning. The recruitment of PN synapses
in D from forward conditioning was short lived, such that by 7 min after conditioning, the enhanced synaptic transmission decayed to baseline.
Statistical comparisons (ANOVA) were made at each time point between the responses before conditioning and after conditioning. There was
a significant difference at 3 min (p  0.002) and 5 min (p  0.004) but not at 7 or 10 min. No significant difference was found between the
groups representing the backward conditioning protocol. n  6 for all groups.
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Figure 5. Discriminative Conditioning Revealed Odorant Specificity for the Recruitment of PNs
For discriminative conditioning, MCH and OCT were presented separately for 3 s prior to conditioning with an interstimulus interval of 30 s
and then tested separately 3 min after conditioning, again with an interstimulus interval of 30 s. (A) Discriminative conditioning with OCT
paired with electric shock. PN synapses in DM6, DM2, and DM3 exhibited significant synaptic responses above zero to MCH before conditioning
(p 0.05, Student’s t test). The PN synapses in DM6, DM2, DM3, and DL3 exhibited significant synaptic responses to OCT before conditioning
(p  0.05, Student’s t test). ANOVA comparing OCT responses before and after conditioning but within each glomerulus revealed a significant
difference only for glomerulus D (p  0.0001). ANOVA comparing MCH responses before and after conditioning but within each glomerulus
revealed no significant differences. n  8 for all groups. Experiments in which the order of odorant presentation was reversed prior to and
after conditioning also revealed that only a single glomerulus was altered by the conditioning event (data not shown). (B) Discriminative
conditioning with MCH paired with electric shock. PN synapses in DM6, DM2, and DM3 exhibited significant synaptic responses above zero
to MCH before conditioning (p 0.05, Student’s t test). The PN synapses in DM6, DM2, DM3, and DL3 exhibited significant synaptic responses
above zero to OCT before conditioning (p  0.05, Student’s t test). ANOVA comparing OCT responses before and after conditioning but within
each glomerulus revealed no significant differences. ANOVA comparing MCH responses before and after conditioning but within each
glomerulus revealed a significant difference for VA1 (p  0.001). n  6 for all groups.
Figure 5A illustrates the experimental design for dis- compared to those before conditioning. However, the
conditioning recruited the PN synapses of the D glomer-criminative conditioning using OCT along with the re-
sults. PN synapses innervating glomeruli DM6, DM2, ulus into the naive representation of OCT, which con-
sisted of significant responses from glomeruli DM6,and DM3 showed significant responses to MCH before
conditioning, while the remaining glomeruli failed to DM2, DM3, and DL3. In the reciprocal experiment, condi-
tioning with MCH did not alter the representation of OCTshow significant responses, confirming the results shown
in Figure 4D. Most importantly, there were no significant by glomeruli DM6, DM2, DM3, and DL3 (Figure 5B) but
selectively recruited PN synapses of VA1 into the MCHdifferences in the responses to MCH after conditioning
Memory Trace Formation by Synaptic Recruitment
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representation. These results, obtained with animals Correlating the Cellular Memory Trace
with Behavioral Conditioningthat were presented with two different odors in a dis-
The forward conditioning protocol used for most of ourcriminative protocol, strongly support the contention
imaging experiments employed a single odor as the CS,that the recruitment is odor specific.
paired with the US of electric shock pulses. Behavioral
conditioning experiments, however, have often em-
ployed discriminative conditioning protocols with twoEstablishment of the Cellular Memory Trace
different odors (Roman et al., 2001). We therefore modi-for OCT Is Intrinsic to D PNs
fied the two-odor, discriminative, behavioral condition-Since the D PNs receive synaptic inputs from ORNs and
ing paradigm into a single-odor classical conditioningLNs (Figure 1A), we wondered whether the memory trace
paradigm to test the behavioral effects of the variousinduced by OCT conditioning in D PN synapses was
conditioning protocols (Figure 3) used for imaging. Fliesintrinsic to these neurons or whether the trace was es-
were presented with CS only, US only, CS  US paired,tablished in one of the presynaptic partners so that the
or CS  US with a trace interval of 30 s, 1 min, or 2 min.increase in D PN synaptic activity was only a reflection
They were then tested for their avoidance of the odorof an upstream memory trace. To test whether a synaptic
CS in a T-maze against a second odor to which theymemory trace was established in ORNs, we expressed
were naive and under conditions in which animals naiveUAS-spH using the ORN driver OR83b-GAL4 (Figure 1A).
to any conditioning protocol distribute equally betweenUsing imaging conditions that were designed to identify
the two odors.glomerulus D and other glomeruli visible with GH146-
We behaviorally conditioned the GH146-GAL4/UAS-GAL4, six glomeruli, along with D, were reproducibly
spH flies using the new single-odor conditioning proto-discernable using this driver. Stimulation of flies with
col and compared the effects of this behavioral condi-OCT produced a synaptic response in three of the six
tioning at 3 min posttraining to the conditioned synapticidentified glomeruli, but these did not include D (Figure
responses of D PNs (Figures 7A and 7B). The CS only,6A). Thus, PNs that innervate D do not receive excitatory
US only, or trace conditioning protocols produced smallinput from the OR83b-expressing ORNs that form syn-
or no behavioral changes (Figure 7A), similar to the lackapses in D.
of effect at the synaptic level. In contrast, forward condi-We asked, nevertheless, whether the ORNs that pro-
tioning produced a high behavioral performance score,
ject to D responded to the US of electric shock and
similar to the robust synaptic change observed in D
whether forward conditioning could recruit the OCT-
PNs. We also conditioned behaviorally two other geno-
blind D ORNs into being OCT sensitive. Electrical stimu-
types of flies [Canton-S and w(CS10)] with very similar
lation of flies carrying both OR83b-GAL4 and UAS-spH effects (data not shown). Therefore, the synaptic changes
produced no increase in fluorescence of D or other glo- that were observed in D PNs produced by the conditioning
meruli in response to shock pulses (Figures 6B and 6C). protocols correlated well with the behavioral changes pro-
Furthermore, forward pairing failed to produce any de- duced by the same protocols at 3 min after conditioning.
tectable change in synaptic activity within the identified Although the relative effectiveness of the various condi-
glomeruli (Figure 6A). tioning protocols correlated well between the imaged
A GAD-GAL4 driver (Figure 1A) was used to direct memory trace and behavioral performance, the duration
expression of UAS-spH in LNs to address the same of the behavioral memory after single-odor CS/US coin-
issues for these neurons. LNs that innervate glomeruli cidence was much more enduring (2 hr, data not
DM6, DM2, DM3, and DL3 all responded to the odor shown) than the enhanced synaptic activity of the D
CS, whereas those innervating D, DL2, DA1, and VA1 glomerulus PNs. Therefore, the D glomerulus memory
failed to respond (Figure 6D). The sets of responding trace would be capable of driving behavior for only the
and nonresponding glomeruli matched exactly those first few minutes after conditioning. Other memory
observed using the PN GAL4 driver (Figure 2). However, traces of longer duration must be formed for more en-
electric shock pulses to the body failed to stimulate during behavioral performance.
synaptic responses in the LNs innervating D (Figures 6E
and 6F), and the synaptic responses of these neurons Discussion
also could not be conditioned (Figure 6D). The failure
of the D PN synaptic trace to be transmitted to the LNs, Our results offer two main conceptual advances. First,
which may be both presynaptic and postsynaptic to PNs we show that forward conditioning of living Drosophila
(Figure 1), may indicate that the recruited D PNs may alters the representation of the odor CS in the PN syn-
synapse on other PNs or interneurons rather than on apses in the antennal lobe. Prior studies with the honey-
the GAD-expressing LN or that the threshold for LN bee have suggested that memory traces are laid down
activation is simply too high for the memory trace to be in the antennal lobes (Faber et al., 1999; Meller and
transferred from the D glomerulus PNs. Davis, 1996; Menzel, 2001), but these studies have em-
Therefore, forward conditioning directly recruits D PNs ployed pharmacological manipulations, calcium im-
into the representation of the CS of OCT. This recruit- aging, or physical insults to the entire antennal lobe
ment is not the manifestation of a conditioned memory without discriminating the roles of individual glomeruli,
trace in the presynaptic ORNs or the LNs, since neither specific neuron types, or their synapses. Like Ng et al.
the ORNs nor the LNs that are presynaptic to the D PNs (2002), we used the GAL4 system of Drosophila to drive
responded to the shock US, and neither neuron type reporter expression in subsets of neurons, which pro-
vided resolution between types of neurons, and the re-exhibited a conditioned response.
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Figure 6. ORN and LN Responses to Odor, Electric Shock, and Conditioning
The UAS-spH was driven with OR83b-GAL4 (A–C) or GAD-GAL4 (D–F). (A) Summary of the average odor responses of ORN synapses in six
identifiable glomeruli. Three glomeruli exhibited synaptic responses to OCT, and three others were silent. ORN synapses projecting to
glomerulus D were among those silent to the odor CS. No significant differences (ANOVA) were found between the naive and CS  US groups
for each glomerulus. n  5 for all groups. (B) Responses of ORNs synapses (black trace) in glomerulus D are depicted over time, with electric
shock pulses (gray trace) delivered once every 5 s. No obvious responses were observed with each shock pulse. (C) Fourier transformation
of the time scan in (B) to detect frequency components. No obvious periodicity was detected. (D) Summary of the average odor responses
of GAD neuron synapses in eight identifiable glomeruli. Four glomeruli exhibited synaptic responses to OCT. Four others were silent. Glomerulus
D was among those silent to the odor CS. No significant differences (ANOVA) were found between the naive and CS  US groups for each
glomerulus. n  5 for all groups. (E) Responses of LN synapses (black trace) in glomerulus D are depicted over time, with electric shock
pulses (gray trace) delivered once every 5 s. No obvious responses were observed with each shock pulse. (F) Fourier transformation of the
time scan in (E) to detect frequency components. No obvious periodicity was detected.
porter synapto-pHluorin (Miesenboeck et al., 1998), rons are clearly involved in olfactory learning (Waddell et
al., 2000). Our data provide evidence that the distributedwhich provided a specific readout of synaptic activity
in response to odorants. We extended this approach, memory system in Drosophila includes the antennal
lobes. An attractive hypothesis is that the antennal lobeshowever, by imaging living flies before and after condi-
tioning. This extension allowed us to make the specific and the mushroom bodies are both sites for memory
formation but that the earliest memories are formed infinding that a short-lived cellular memory trace forms in
Drosophila PNs after conditioning. the antennal lobes by altering the representation of the
sensory stimulus and that this altered representation isThe existence of the short-term cellular memory trace
in PNs and the correlated behavioral responses lends then transferred to and perhaps strengthened by the
mushroom bodies.strong support to the idea that transient olfactory memo-
ries are formed in the insect antennal lobe. Much evi- Our evidence offers the surprising conclusion that the
PNs likely function as integrators of the CS and US. Thedence has now accumulated to support the hypothesis
that mushroom body neurons are centrally involved in ORNs, LNs, and PNs that innervate glomeruli recruited
by conditioning did not respond to the odor CS. Of theodor learning, using the cAMP signaling cascade, in
part, for the integration of sensory information (Davis, three, only the PNs responded to the US of electrical
shock. Thus, the available evidence suggests that PNs1993; Roman et al., 2001). However, memories are dis-
tributed, and neurons other than mushroom body neu- are the first point in the CS pathway that intersects
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The second major conceptual advance is that our
evidence suggests that memory traces are formed by
the recruitment of synapses that are relatively silent to
the odor CS, within the sensitivity of optical imaging,
into the ensemble of synapses whose activity represents
the odor CS in naive animals and that the selection of
recruited synapses is odor specific. We cannot exclude,
however, the possibility that some synaptic activity ex-
ists within the recruited PNs that is below the sensitivity
of that detectable by optical imaging. Nevertheless, our
results and the emerging evidence that cellular synaptic
plasticity may occur from the activation of normally si-
lent synapses (Luscher et al., 2000; Malenka and Nicoll,
1999) suggest that some forms of behavioral memory
may occur through a large synaptic gain mechanism,
perhaps approaching an “off-on” switch mechanism,
rather than through smaller graded changes in synapses
that represent the stimuli in naive animals. Thus, memory
formation involves the recruitment of synapses to repre-
sent the sensory cues that are learned.
In addition to these advances, our findings also pose
new and intriguing puzzles. Is the short-term memory
trace established in the PNs independent of other mem-
ory traces, so as to directly guide behavior for a short
period after learning, or is it transferred to the mushroom
Figure 7. Single-Odor Learning Correlates with Conditioned Synap- bodies or the lateral protocerebrum, perhaps to be con-
tic Enhancement of PNs in Glomerulus D
solidated there into a more enduring trace, with behavior
Flies were conditioned following the same protocols outlined in
being guided from these higher-ordered brain centers?Figure 3A, receiving CS only, US only, CSUS, or trace conditioning
A related question is whether the PN synaptic memorywith a 30 s, 1 min, or 2 min interval between the CS and the US.
trace is specific to the connections made in the antennalThey were then tested for their avoidance of the odor CS versus a
control odor to which they were naive. Performance indices were lobe or whether this occurs on a cell-wide basis, with
calculated which relate the magnitude of their avoidance response conditioning also stamping its effects on PN synapses
to the odor CS. (A) GH146-GAL4/UAS-spH behavior. Significant con- made in the mushroom bodies and the lateral protocere-
ditioning occurred with forward conditioning to the CS  US. The
brum. Do any of the known memory mutants disrupt theCS US group was significantly different from all other groups (p
formation or stability of the PN memory trace? How is0.0001 for all comparisons). (B) For comparison, the %F/F for PN
it that the recruitment of new synapses in the antennalsynaptic responses in glomerulus D reproduced from Figure 3B
is shown. lobe produces a new representation of the learned odor?
Is it just simply that more activated synapses represent
the learned odor, or does the synaptic activation of PNsfunctionally with the US pathway, although we cannot
alter the coding of the odor CS, perhaps by influencingeliminate the possibility that ORNs and LNs receive US
the coherency or timing of PN and LN oscillations thatinformation via neuromodulatory rather than excitatory
may contribute to odor encoding (Laurent et al., 2001;inputs, nor can we eliminate the possibility that some
Stopfer and Laurent, 1999)?unknown neuron presynaptic to the recruited PNs inte-
grates the CS and US. There is no neuroanatomical
Experimental Proceduresinformation about the US pathway from peripheral re-
ceptors or the identity of the presynaptic neurons pro-
Transgenic Animals
viding US input to the PNs. However, it seems likely that Complementary DNA encoding ecliptic synapto-pHluorin (Miesen-
the stimulus of electric shock must itself be processed boeck et al., 1998) was inserted into the Sal1/Xba1 sites of the
by higher-order neurons in order to acquire its negative UAS vector pPBretU-H/X (Roman et al., 1999). The constructs were
verified by restriction mapping and sequencing and used to trans-value attribute, which can then be stamped onto the
form Drosophila. Five independent transformants of ecliptic sy-PNs as associated with the CS. The CS pathway to the
napto-pHluorin, P{UAS-spH}, were obtained and mapped geneti-recruited PNs also remains unknown, since the odor
cally. One line maps to the X chromosome, two map to the second
CS (OCT or MCH) does not appear to be conveyed to chromosome, and two map to the third chromosome. The studies
glomerulus D or VA1 via the OR83b-expressing ORNs reported here utilize P{UAS-spH}34.
(Figure 4B). It is possible that some ORNs that fail to The P{UAS-spH}34 transgenic flies were crossed with either GAL4
line OR83b-GAL4 (Ng et al., 2002), GAD-GAL4 (Ng et al., 2002), orexpress OR83b may project to these glomeruli and con-
GH146-GAL4 (Stocker et al., 1997). Progeny flies containing bothvey the CS stimulus. An alternative and more attractive
the P{UAS-spH}34 transgene and the GAL4 driver transgene werepossibility is that some local interneurons may convey
used for all experiments. Flies were maintained on a 12 hr dark/12
the CS information from other glomeruli by synapsing on hr light cycle on standard Drosophila medium at 24C.
PNs innervating the recruited glomeruli. Such excitatory,
interglomerular local interneurons have been discovered Fly Preparation and Imaging
in the vertebrate olfactory bulb (Didier et al., 2001; Flies containing both a GAL4 driver and a UAS-spH transgene were
mounted in pipette tips and their exposed heads secured to the tipAungst et al., 2003).
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opening with silicon cement. A small area of cuticle was removed of pixel fluorescence, i is the time slice number, (x,y ) is the location
of any specific pixel, and (x,y ) is a pixel shift in x and/or y dimen-from the top of the head capsule and the opening covered with a
small piece of plastic wrap. The flies were then mounted beneath sions. A neighborhood around the original alignment [(x,y ) (0,0)]
is searched within the shell of possible alignments, x and y. Aa 20 objective of a Leica TCS confocal microscope and imaged
with a 488 nm excitation line. The emitted light was collected from number of different options for registration are provided in our
graphical interface, such as imposing a threshold on pixel intensities520 	 15 nm. Odors were delivered with pressurized air flowing at
a rate of 100 ml/min. Odorants (1.0 or 0.1 l OCT or 0.1 l MCH) that allows background fluctuations to be discarded prior to regis-
tration. This procedure is repeated for every pair of slices (slice i1 were spread on a small piece of filter paper inside of a syringe
barrel, and the syringe barrel was placed in line with the pressurized j; slice i2  i, such that j is fixed and i runs through the stack) in the
time series stack, until every slice is aligned with respect to oneair. The delivery of odorants was accomplished with a three-way
teflon valve under the control of a programmable timer, such that selected time slice.
For the registered stack, we then calculate an average pixel inten-fresh air could be delivered to the animals for a determined period,
with an instantaneous switch to odor-laced air without altering the sity before stimulation (odor or shock) Fb for every pixel location
(x,y ) over a user-defined time interval (t0,t0  M),overall flow rate. Electric shock pulses were applied to the side of
the fly’s abdomen. A total of 12 pulses of electric shock at 90 V
i  t0  Mwere delivered, with each shock lasting 1.25 s.
Fb  1/M  Ii
i  t0 (2)Identification of Glomeruli
Reliable identification of glomeruli between animals requires careful where M is the time interval selected for establishing the baseline
analysis even when based on high-resolution confocal XYZ scans fluorescence of the scan. The fluorescence value computed during
of fixed and well-stained brains, because there is some variability stimulation is
in the size and position of glomeruli between animals (Laissue et
al., 1999). We employed several steps for identifying antennal lobe i  t  n
glomeruli. First, we obtained high-resolution confocal images from Fd  1/n  Ii
the dorsal perspective of the dorsal half of the antennal lobes of i  t (3)
GH146-GAL4/UAS-spH flies stained with the general neuropil
where n is the time interval selected for calculating the fluorescencemarker nc82 and with an anti-GFP antibody (Figure 1). These images
during stimulation. The percent change in pixel fluorescence duringwere then compared rigorously to three-dimensional maps of the
stimulation is then calculated:antennal lobe that are available online (www.flybrain.org) and in
published reports (Laissue et al., 1999) examining the size, shape,
and relative position of each glomerulus within the antennal lobe. %F/F 
Fd 
 Fb
Fb
 100 (4)
We then compared our assignments of GH146-GAL4-expressing
glomeruli with those from four prior research reports (Marin et al., This percentage is displayed in the stack using a false color scale
2002; Ng et al., 2002; Wang et al., 2003; Wong et al., 2002). Although (blue corresponding to negative %F/F and red for positive %F/F
there exist some differences in glomerulus identification in prior over a user-defined range of values). This function is calculated for
reports, this allowed a consensus to be developed. Finally, we com- every pixel in any number of hand-drawn regions of interest to the
pared projection images of each time series obtained during func- user or alternatively in regions identified through automatic segmen-
tional imaging to the consensus anatomical map of identified glo- tation (Ponomarev and Davis, 2003). These regions of interest (glo-
meruli (Figure 1). Flies that displayed the characteristic position of meruli) are projected through the time stack, keeping their (x,y )
the eight glomeruli studied here were used for data analysis. Flies locations constant. This analysis revealed the fluctuation of light
were discarded prior to data collection if the pattern of glomeruli intensity within each glomeruli over time and between the glomeruli
observed was too deviant from the standard map (Figure 1). One under consideration.
discrepancy to be noted is that we find the DM3 glomerulus to be
responsive to OCT, whereas Wang et al. (2003) failed to see activa- Drosophila Conditioning
tion by OCT. Drosophila were conditioned behaviorally using modifications of a
standard, two-odor discriminative and negatively reinforced classi-
Data Analysis cal conditioning paradigm (Beck et al., 2000; Cheng et al., 2001).
Images were acquired at five frames per second at a resolution of Our procedures used only the single odor of OCT and followed the
256  256 pixels. The image data were analyzed using custom time schedules illustrated in Figure 3A. OCT was presented in an
software developed by us. In general, the raw fluorescence images air steam for 60 s, and shock pulses were delivered at 90 V every
were first smoothed with a 7  7 Gaussian convolution filter. Areas 5 s. Testing was performed in a plexiglass T-maze in which the flies
representing glomeruli were circumscribed, and a pseudocolor im- chose over a 2 min period to avoid OCT over benzaldehyde, a
age of the %F/F ratio was produced. The value F was calculated balanced counterodorant to which they were naive.
for each pixel within the region of interest, as the fluorescence prior
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